Introduction
============

Most human tissues have a limited regeneration potential after damage: their recovery, in terms of both structure and function, is often incomplete, usually leading to scar formation and impaired functionality.[@R1] With the advent of tissue engineering, exogenous strategies are gaining increasing attention as a valuable option to find solutions for the incomplete regeneration of different tissues.[@R2]^,^[@R3] Both in vitro and in vivo scaffold mediated tissue engineering approach---to reconstruct tissues---and the in vivo delivery of cells---to induce endogenous tissue regeneration---are emerging as potential therapeutic goals.[@R1]

Biomaterial selection as well as material processing into a 3D structure becomes hence increasingly important not only to attain an environment correctly addressing cell fate and tissue development,[@R1] but also to encourage widespread clinical application. Developmental aspects of cells, such as growth, differentiation, migration, and maturation have been taken into account to design substrate properties like degradation, porosity, fibrous structure, ability to adsorb and release bioactive factors: along this direction, several materials and processing approaches have been investigated.[@R4]^-^[@R6] Among them chitosan-based scaffolds possess some unique properties supporting their use for tissue engineering. First, chitosan can be formed in different structures such as interconnected-porous structures, fibers, hydrogels; second, the cationic nature of chitosan also allows for pH-dependent electrostatic interactions with anionic glycosaminoglycans (GAG) and proteoglycans, widely distributed throughout the body, and other negatively charged species. This latter property is extremely important because a number of cytokines and growth factors are known to be bound to and modulated by GAG.[@R7] Finally chitosan has been successfully used in different advanced tissue regeneration applications. For example, it has been demonstrated that temperature-responsive chitosan hydrogels are suitable matrices for cardiomyocytes transplantation,[@R8] and chitosan hydrogels can be also used as injectable cells delivery system to improve myocardial performances of infarcted heart.[@R9]

Together with mechanical and chemico-physical properties, topographic cues are particularly important in determining cell phenotypes, especially for tissues that are highly dependent on their dimensional (3D) cell organization such as cardiac, skeletal, and smooth muscle.[@R10] For instance, within the heart, cardiomyocytes are organized in interconnected cardiac myofibers that contract synchronously,[@R11] whereas skeletal muscle is formed by parallel multinucleate myofibers.

All these studies, based on the contact guidance theory,[@R12] confirm that cells are well equipped to sense some environmental micro- and nano-scale geometric parameters like molecular structure, surface topography, and fiber diameter. Moreover the combination of different factors in the micro-scale environment contribute to the overall control of the new tissue formation.[@R13]^-^[@R15] For example, surface mechanical properties are of particular relevance for the functionality of contractile cells,[@R13]^,^[@R14] and this translates into the coupling to a soft or stiff substrate. Many studies have been performed to understand how topographical cues, such as micro-grooves, micropatterns but also micro- and nano-fibers, can affect cells behavior for a variety of cell lines and stem cells.[@R15]^-^[@R20]

The advances in fabrication technology have refined the tools available to create micro- and nano- structured materials and enabled the successful fabrication of a variety of scaffolds that can take advantage of contact guidance in determining the cell fate.

For the fabrication of tissue engineering scaffolds, biodegradable polymers that degrade in tissue over a desired period of time are generally turned to. Biodegradable polymer conduits and tissue engineering scaffolds were produced using extrusion,[@R21] fiber bonding,[@R22] salt leaching, freeze drying,[@R23]^,^[@R24] and laminating.[@R25]^,^[@R26] However, micro and nano-fabrication of biodegradable polymers with precise control over surface microarchitecture, topography, and size remains an important challenge.[@R26]

Here we propose an easy method to obtain hierarchical organized CS scaffolds, with highly oriented micro-channels and open micro-pores for tissue engineering applications. These structures have been obtained by a modification of a conventional electrochemical deposition technique where a micro-patterned cathode has been used as positive master. Chitosan membranes prepared with this method have been further cross-linked and characterized in terms of physico-chemical and biological response.

Results
=======

Scaffold morphology
-------------------

Electrochemical/electrophoretic technique allows the processing of CS and the preparation of cathodic surfaces functionalized with thin films of this biopolymer. All the abbreviations used in the text are resumed in [Table 1](#T1){ref-type="table"}. By fine tuning of process parameters, it is also possible to obtain thick films (up to 2 mm) that can be easily peeled off the cathode metal substrate after freeze drying. With this method, it was possible to obtain CS membranes with two different micro-channels dimensions (1000 and 500 µm in diameter) by using aluminum meshes with a regular lattice of micro-holes, while random porosity (R) films have been deposited on flat aluminum surface. In [Figure 1](#F1){ref-type="fig"} the aluminum meshes (A, B) and the morphology of CS films observed by optical microscope (C, D, G) and SEM (E, F, H) are presented. Samples appear homogeneous, with a well-defined morphology. In figure c and d CS samples with micro-channels 1000 and 500 are shown respectively, and, for both, micro-channels are well defined and equally spaced, accurately reproducing the geometry of the aluminum grids used as cathode. Together with the oriented and regularly organized micro-channels (macro-pores) replicating the lattice of substrate patterning ([Fig. 1A and B](#F1){ref-type="fig"}), the presence of micro-pores can be also noticed, due to H~2~ bubble evolution.[@R27] In [Figure 1G and H](#F1){ref-type="fig"} CS samples deposited on flat surfaces are shown, and as it can be observed, they appear homogeneous, with random porosity created by H~2~ bubbles evolution and pores with different dimensions.

###### **Table 1.** Samples abbreviations

  Abbreviation   Explanation
  -------------- ---------------------------------------------------------------------------------------------
  EPI 1000       Chitosan meshes having micro-channels of 1000 µm diameter, cross-linked with Epichloroydrin
  EPI 500        Chitosan meshes having micro-channels of 500 µm diameter, cross-linked with Epichloroydrin
  EPI Random     Chitosan meshes having random porosity, cross-linked with Epichloroydrin
  GEN 1000       Chitosan meshes having micro-channels of 1000 µm diameter, cross-linked with Genipin
  GEN 500        Chitosan meshes having micro-channels of 500 µm diameter, cross-linked with Genipin
  GEN Random     Chitosan meshes having a random porosity, cross-linked with Genipin
  NX 1000        Non- cross-linked chitosan meshes having micro-channels of 1000 µm diameter
  NX 500         Non -cross-linked chitosan meshes having micro-channels of 500 µm diameter
  NX Random      Non -cross-linked chitosan meshes having a random porosity

![**Figure 1.** Optical microscope observation of aluminum grids 1000µm microchannels (**A**) and 500µm microchannels; optical and SEM observation of chitosan meshes 1000µm microchannels (**C and E**), 500µm microchannels (**D and F**), random porosity (**G and H**). Scale bar: optical microscope 2 mm, SEM 100 µm.](biom-4-e29506-g1){#F1}

For scaffold cross-linking, two different agents have been evaluated: genipin (GEN) and epichlorohydrin (EPI). In [Figure 2](#F2){ref-type="fig"}, SEM micrographs of cross-linked specimens are shown: it is possible to notice that the resulting morphology after crosslinking has not been affected. Samples are still homogeneous, with well-defined micro-channels and micro-porosity, no signs of cracks and no changes in micro-channels dimensions being detectable. At optical observation (not shown) Genipin cross-linked scaffolds became blue after cross-linking; it is a typical effect of genipin reaction with amino groups and a qualitatively demonstration of the effectiveness of the cross-linking.[@R28]

![**Figure 2.** SEM images of Genipin (1) and Epichloroydrin (2) cross-linked meshes with different morphologies 1000µm microchannels (**A**), 500µm microchannels (**B**), random porosity (**C**). Scale bar 100 µm.](biom-4-e29506-g2){#F2}

Swelling behavior has been investigated at two different pHs: in PBS at pH 7.4 (mimicking physiological-like conditions) and in Acetic Acid at pH 5 (mimicking a more aggressive environment such as the oral cavity). [Figure 3](#F3){ref-type="fig"} shows water uptake behavior for different scaffold morphologies, cross-liking agent and solution pHs, as fluid absorption rate vs. time. From these plots, it is possible to notice, in each case, a drastic change occurring in the first ten minutes; after this critical period, the absorption reaches a plateau. Non cross-linked (NX) meshes show a higher water uptake for both pHs, while sample morphology did not seem to affect swelling behavior ([Fig. 3A and B](#F3){ref-type="fig"}). At pH 7.4 non cross-linked samples swell around 400%, while both EPI samples and GEN samples increase their weight about 300%. This behavior is even more evident at pH 5 ([Fig. 3D](#F3){ref-type="fig"}): NX samples swell more than 500% while EPI and GEN samples less than 300%.

![**Figure 3.** Swelling behavior of CS meshes at pH 7.4 (**A--C**) and at pH 5 (**B--D**), different morphologies (**A--B**), different cross-linker (**C--D**).](biom-4-e29506-g3){#F3}

Mechanical tests
----------------

Mechanical properties have been investigated by tensile tests at a strain rate of 0.2 min^−1^ in wet conditions. Stress, strain at break, and Young modulus are resumed in [Table 2](#T2){ref-type="table"}: results have been analyzed by performing one-way ANOVA and *t* tests (level of confidence *P* = 0.05). 2D geometry seems to have a negligible effect (*P* \> 0.05) on non-cross-linked meshes: both elastic moduli and strain at break are comparable. For random specimens, elongation at break is lower and elastic modulus higher for cross-linked specimens vs. NX specimens: however, these differences are negligible (*P* \> 0.05). Significant difference (*P* \< 0.05) are evidenced only for GEN patterned specimens, in which ε~max~(%) = (22.4 ± 5.7)% (GEN500) and ε~max~(%) = (24.5 ± 8.2)% (GEN1000) *vs*. ε~max~(%) = (53.1 ± 12.5)% (NX500) and ε~max~(%) = (54.7 ± 12.6)% (NX1000). Moreover an increase in Elastic Modulus E = (1.3 ± 0.3) MPa (GEN500) and E = (1.6 ± 0.3) MPa (GEN1000) vs. E = (1.12 ± 0.4) MPa (NX500) and E = (0.8 ± 0.3) MPa (NX1000) was detected. These differences are more pronounced by comparing patterned GEN cross-linked specimens vs. random NX specimens. On the contrary, differences are negligible for EPI crosslinking.

###### **Table 2.** Mechanical properties: elongation at break (ε \[%\]); Young modulus E (MPa). Statistical analysis show significant differences (*P* \< 0.05 at *t* test) for: Young Modulus GEN1000 vs NX1000 and GEN500 vs NX500; ε at break GEN1000 vs NX1000 and GEN500 vs NX500

  Sample type   ε (%)         E (MPa)
  ------------- ------------- ------------
  EPI 1000      41.4 ± 7.2    1.1 ± 0.3
  EPI 500       33.6 ± 12.3   0.7 ± 0.2
  EPI Random    56.4 ± 14.0   1.0 ± 0.5
  GEN 1000      24.5 ± 8.2    1.6 ± 0.3
  GEN 500       22.4 ± 5.7    1.33 ± 0.3
  GEN Random    43.3 ± 13.6   1.1 ± 0.6
  NX 1000       54.7 ± 12.5   0.8 ± 0.2
  NX 500        53.1 ± 12.5   1.1 ± 0.4
  NX Random     60.2 ± 13.9   0.7 ± 0.1

Cytotoxicity
------------

MS1 mouse endothelial cells have been seeded and cultured on samples with both cross-linking agents and all different morphologies, using non-cross- linked samples as control. In [Figure 4](#F4){ref-type="fig"} results of MTT cells viability assays at 24h ([Fig. 4A](#F4){ref-type="fig"}) and 72h ([Fig. 4B](#F4){ref-type="fig"}) after seeding are shown. All materials showed high cell viability with no significant differences for different cross-linking agents. Both classes of cross-linked samples show viability values comparable to non-cross-linked scaffold: 72 h after seeding ([Fig. 4B](#F4){ref-type="fig"}) an increase in cells viability has been observed, symptom of a cells proliferation on all samples. MTT results have been confirmed by SEM observations; in [Figure 5](#F5){ref-type="fig"}, as an example, cells cultured for 72h on CS scaffolds, with the same morphology, cross-linked with GEN and EPI and NX are shown. Cells are well spread all over the samples and no differences have been noticed imputable to cross-linker agent for all the geometries. To better appreciate cells on the samples a control without cells is shown in [Figure 5D](#F5){ref-type="fig"}, showing a very smooth surface compared with samples having cells seeded on.

![**Figure 4.** MTT assay of MS1 cells on the different substrata 24h (**A**) and 72h (**B**) after seeding.](biom-4-e29506-g4){#F4}

![**Figure 5.** SEM images of MS1 cells cultured for 72h on different chitosan scaffolds: GEN1000 (**A**); EPI1000 (**B**); NX1000 (**C**); scaffolds without cells (**D**).](biom-4-e29506-g5){#F5}

Discussion
==========

Substrate replica and micro-structuring of scaffolds via electrochemical deposition
-----------------------------------------------------------------------------------

Electrochemical and Electrophoretic Depositions (ECD/EPD) are powerful technique to fabricate organic coating. They have been largely investigated in the biomaterials field[@R29]^,^[@R30] for the deposition of chitosan,[@R27]^,^[@R31] CaP,[@R32]^,^[@R33] alginate,[@R34] Bioglass,[@R35] different polymer blends, and even hybrid composites.[@R34]^-^[@R37] Here we decided to further exploit this technique in order to investigate the possibility of fabricating porous scaffolds with hierarchical structures characterized by 2D lattice micro-hole patterning and a random micro-porosity. As observed in a previous work, ECD allows the fabrication of chitosan scaffolds with porosity that can be tuned by acting on deposition parameters.[@R27] Namely, morphological properties of ECD chitosan films can be easily tuned by a suitable selection of anionic species and their concentration, resulting in pore interconnection and dimension in the range of interest for tissue engineering scaffolds. Coupling these results with the use of a patterned cathode, the technique proposed here allows a flexible design and realization of 2D hierarchical structures, and offers the opportunity to realize hierarchical structures using a wide number and types of patterns via conventional micro fabrication technologies of metals. The method here developed can be ascribed to the scaffold fabrication technologies based on substrate replication,[@R26] the underlying principle being the replication of a micro-fabricated master, that in our case is represented by the cathode, that has a positive pattern to be replicated by the deposition process. The method is quite economic, because the expensive micro-fabrication step is only necessary for the initial fabrication of the master that the electrochemical process allows to replicate several times onto Chitosan. For all the above mentioned reasons, the use of ECD appears as a simple, fast, and effective technique, when compared with other micro-patterning and/or bottom-up technologies, to obtain hierarchical structures. Moreover, the approach here proposed can be easily adopted for all the other materials that have been processed via ECD/EPD,[@R27]^,^[@R29]^,^[@R30]^,^[@R33]^,^[@R34]^,^[@R38]^,^[@R39] Chitosan having being selected for this work as a model polymer.

Modulation of chemico-physical properties via chemical crosslinking
-------------------------------------------------------------------

Robust Chitosan hydrogel can be produced via chemical covalent crosslinking, either by using small cross-linker molecules, secondary polymerization, or irradiation chemistry.[@R40] Irreversible polymer networks can be realized hence by bond small molecules to --NH~2~ or --OH groups in the chitosan backbone: according to one of these strategies and given a certain degree of deacetylation of the Chitosan, different level of free amino-groups will result. In order to modulate the free amino-groups, here we used two different cross-linker agents, namely genipin and epichlorohydrin.

Genipin has been widely used in biomedical field due to its low cytotoxicity compared with other cross-linking agents, such as glutaraldehyde,[@R28]^,^[@R41]^-^[@R43] while Epichlorohydrin has been used due to the ability of bond --OH groups that results in free amino group.[@R44]^,^[@R45] The cross-linking mechanisms of the two selected molecules are indeed different: genipin carboxymethyl groups first react with amino groups of Chitosan to form secondary amide, then nucleophilic attack by amino groups of Chitosan on the olefinic carbon atom at C-3 of deoxyloganin aglycone followed by the opening of the dihydropyran ring to form heterocyclic amine.[@R28]^,^[@R46] Epichlorohydrin reacts with Chitosan hydroxyl group under alkaline condition, resulting in free cationic amine functions of Chitosan: the resulting material shows excellent adsorption properties of anionic dyes strongly attracted by electrostatic forces in the acidic media.[@R44]^,^[@R45]^,^[@R47]

The chemical crosslinking of Chitosan films strongly depends on both the used chemical reagents and the crosslinking conditions. Here the obtained 3D membranes were removed from the deposition cathode masks and then immersed in a crosslinking bath. According to the definition of Cao et al., this crosslinking procedure is a surface cross-linking approach (or heterogeneous crosslinking)[@R48]: heterogeneous approach, when compared with homogeneous one, allows to obtain structures with lower amount of unreacted cross-linking agents left in the polymer and to maintain the desired shape.

By combining a suitable selection of chemical cross-linkers and the processing procedure, we were able to maintain the obtained 3D shape and to modulate the swelling behavior. In facts, even if no difference has been noticed between the two cross-linking agents in terms of the swelling behavior, when compared with non-cross-linked specimens, both GEN and EPI resulted in a lower water uptake.[@R24]^,^[@R42]^,^[@R49]

The comparison of the obtained results with published data appears however difficult, probably due to the particular morphology of our samples, having a random and an oriented porosity that should affect the swelling behavior. Reported swelling ratio data are both higher[@R24]^,^[@R49] and lower[@R42]^,^[@R43]when compared with here reported data. Jin et al.[@R42] performed a detailed study on differences in swelling ratio depending on the pH and the genipin concentrations, by showing a great variability in swelling ratio. The particular morphology and the lower percentage of genipin probably allow for a higher swelling ratio in our sample compared with other studies.[@R41]^,^[@R43]

Cao et al.[@R48] cross-linked chitosan films with hexamethylene diisocyanate (HDI), epichlorohydrin (ECH) and glutaraldehyde (GA); in this case, they used smooth films, so probably the different swelling behavior of our scaffold can be again ascribed to the porosity. Garnica-Palafox et al.[@R50] studied a hybrid hydrogel based on chitosan and poly(vinyl alcohol), chemically cross-linked with epichlorohydrin, in this case the higher swelling ratio we found should depend both on the presence of PVA but also on the cross-linking performed in bulk conditions.

These differences in absolute values in water uptake can be correlated with the crystallinity degree, crosslinking degree, and 3D morphology of the Chitosan cellular solids. For chitosan membranes, the swelling properties are simultaneously controlled by both the crystallinity and crosslinking. Moreover, the crystalline structure can be influenced by the crosslinking, resulting in a complex and difficult to predict behavior.[@R48]^,^[@R51] Finally, the morphology of our samples, having a random or an oriented porosity, should dramatically affect the swelling behavior.

Mechanical properties
---------------------

For non-patterned non-cross-linked Chitosan films, data obtained in this work result lower in terms of E modulus and higher in terms of elongation at break ([Table 2](#T2){ref-type="table"}). These results can be correlated with the lower density of our samples[@R27] compared with the values commonly found in literature. In refs. [@R41], [@R48], and [@R50] higher values of mechanical properties have been found, probably due to the non-porous structure of the samples. The elongation at break, on the contrary, is higher for our samples; this behavior could be ascribed to the morphology: in fact the presence of a porous structure allows higher deformations. This trend (increase in strain at break and decrease of E modulus) is also reported for chitosan foams obtained with different techniques: Madihally and Matthew[@R23] report, for instance, that while non-porous chitosan membranes exhibit a maximum strain of 30--40%, porous scaffolds are more extensible, with maximum strain ranging from 30% to 100% as a function of pore orientation and pore diameters. Moreover, Kjm et al.[@R52] reported tensile strength values higher than here reported: however this result should be ascribed to the porosity of our samples, but also to de different test condition (wet vs. dry) that are unspecified in the cited paper.

Micropatterning for non-cross-linked specimens do not seem to affect (*P* \> 0.05) the resulting mechanical properties, both in terms of elastic moduli and maximum strains. The effects of mechanical properties of 2D solids can be found in different previous published works, and in a complete and comprehensive way in L. Gibson book.[@R53] However, the behavior of such structures is strongly affected, from a mechanical point of view, by the presence of defects. Even if our procedure has been optimized, cracks, notches and holes (due also to the electrochemical deposition process) are evident. As shown by Andrews and Gibson,[@R54] the overall system response is complex, in some cases resulting in strengthening effects of defects: in order to understand the effects of micro-patterning on mechanical properties will be hence necessary to evaluate them by mechanics of solids tools taking into account the effects of the presence of defects. Moreover, as previously pointed out, Chitosan mechanical properties strongly depends on the degree of crystallinity: the electrochemical process and the cathode patterning should affect the mechanisms of coagulation and hence final crystallinity of the structure.

Crosslinking of chitosan plays a pivotal role also in modulation of mechanical properties[@R28]^,^[@R48]^,^[@R51]^,^[@R52] and it has been used in order to make the material suitable for the desired application. Even if mechanical strength of a hydrogel is often derived almost entirely from the cross-links in the system,[@R55] the effects of chemical cross-linkers on the resulting mechanical properties in Chitosan are complex, depending also on the process conditions. For instance, the crystallinity degree is affected by a homogeneous crosslinking procedure, which results in its significant decrease when compared with heterogeneous approach.[@R51]

From a statistical point of view, significant differences have been found (*P* \< 0.05) in micro-patterned genipin cross-linked specimens, when compared with non-cross-linked and random specimens, both in terms of Elastic moduli and strain at break: behavior is coherent with expected trends, i.e., increase in E and decrease in maximum strain. The more pronounced effects on micro-patterned structures could be ascribed to the selected heterogeneous crosslinking approach: the overall surface/volume ratios result higher for micro-patterned specimens, probably allowing a higher degree of cross-linking.

The negligible effects from a mechanical point of view, both in elongation at break and elastic modulus for EPI cross-linked specimens is in accordance with previously published data.[@R51] Wan et al. report that in heterogeneous crosslinking, mechanical properties are almost unchanged (in the experimental error of the measurement) when the concentration of crosslinking agent is low. Value of concentration of crosslinking becomes significant, in order to affect the mechanical properties, above 0.02 mol for EPI, that is higher than the value here used.

Cytotoxicity tests
------------------

Both cross-linked meshes resulted not cytotoxic. Genipin has been largely used due to the low cytotoxicity compared, for example, to glutaraldehyde,[@R49]^,^[@R56] these results being confirmed by our study.

Reported data on cytotoxicity on epichlorohydrin is poor and controversial.[@R48]^,^[@R50]^,^[@R57] Nevertheless, we decided to investigate the use of epichlorohydrin in order to obtain chitosan networks with free amino-groups. A heterogeneous cross-linking procedure, and a careful washing, have been used in order to minimize the unreacted traces of chemical reagent. Both the surface cross-linking and the washing procedure assured us a good cytocompatibility of our meshes; in heterogeneous approach chitosan is cross-linked as swollen solid, molecules hardly diffuse through the membrane[@R51] and the unreacted species are probably easily removed from a suitable washing procedure. According to Garnica-Palafox et al.,[@R50] washing procedure is a critical step in epichlorohydrin removal.

Conclusions
===========

In this work, we showed a simple and effective method based on electrochemical deposition of Chitosan onto patterned cathodes used as positive replica substrates to obtain 2D scaffolds with oriented and highly ordered micro-channels. Chitosan structures are easily peeled off from the cathode and could be used as self-standing structures or to fabricate 3D scaffolds with oriented porosities. We further cross-linked obtained meshes by using genipin and epichlorohydrin with a heterogeneous approach that resulted in negligible morphological effects. According to the crosslinking mechanisms, either cross-linking agent could be selected depending on the envisaged applications: epichlorohydrin in applications in which free amino-groups requested, genipin for free hydroxyl group. These new 2D scaffolds can be easily cross-linked, and this process affected only slightly the mechanical properties, without compromising the cytocompatibility.

Thanks to the possibility of controlling the porosity and the micro-channel orientation, these structures are extremely promising for different tissue engineering applications especially in regeneration of tissues that requires a preferential cells orientation, such as cardiac patches or ligament regeneration.

Materials and Methods
=====================

Chitosan (CS) 2D scaffolds with oriented porosity have been fabricated by cathodic polarization on aluminum grids (2 × 2 cm^2^) used as cathode. Two different laser cut aluminum grids have been used: one with circular pores of diameter equal to 500 μm and wheelbase of 700 μm and the other with pores of a diameter of 1000 μm and wheelbase of 1500 μm. A flat aluminum foil was also used as control to fabricate 2D scaffolds with random porosity. Cathodic deposition was performed in galvanostatic condition at 6.75 mA cm^−2^ in an electrolytic bath of Chitosan from shrimp shell (Sigma-Aldrich 417963, lot MKBC3804, 75--85% deacetylated) 0.1% (w/v) in acetic acid (ACS reagent, ≥99.7%, Sigma-Aldrich 320099) at pH 3.5. After deposition, samples have been washed three times in deionized water and freeze-dried to easily peel off the Chitosan meshes from the grid. No weight variations have been observed indicating the presence of acetic acid entrapped in the samples.

Sample preparation
------------------

### Cross linking

Two different cross-linking agents have been used: Genipin (Sigma-Aldrich G4796) and Epichlorohydrin (Sigma-Aldrich 45340). Meshes with oriented and random pores (1 × 1cm^2^) have been immersed in a genipin solution (1% w~genepin~/w~chitosan~ 0.85 ml cm^−2^) at 37 °C for 24h. Meshes with oriented and random pores (1 × 1 cm^2^) have been immersed in an epichlorohydrin solution (2 cm^2^ ml^−1^) 0.01M in NaOH (Sigma-Aldrich 71690) at pH 10 up to 72h at room temperature. Samples were washed five times in distilled water to remove any residual genipin or epichlorohydrin and then dried at 37 °C overnight, weighted and stored in dry condition at room temperature until further testing.

### Morphological characterization

Optic microscopy (LEICA DM LM) and Scanning Electron Microscope (Cambridge Instrument Stereoscan 360) have been used to evaluate the morphology of meshes with oriented and random porosity. Before SEM observation samples were dehydrated by different ethanol concentrations from 25 to 100% v/v and gold sputtered.

Mechanical properties
---------------------

The dried specimens (five for each type) were cut into rectangular shapes (5 × 15mm^2^) and left to swell for 24h in PBS (Sigma-Aldrich D8537) at 37 °C. Tensile tests have been performed on swollen samples at room temperature by applying a strain rate of 0.2 min^−1^ by using a Dynamic Mechanical Analyzer (DMA Q800 TA Instrument). Statistical analysis have been performed by one-way ANOVA and *t* test (level of confidence *P* = 0.05).

Swelling
--------

The swelling properties of CS-meshes were studied by immersing the samples in Phosphate Buffer Solution (PBS) (pH 7.4) at 37 °C, and in Acetic Acid at pH 5 at room temperature. The dried meshes (four for each type) were cut into small squares with 10 mm by side. At predetermined intervals of time (2, 5, 10, 30, 60, 120 min), the specimens were removed from the solutions and carefully dried using filter paper. The free water was removed so that the interstitial water was trapped only in the polymer network. Subsequently, the samples were weighted and then returned to the same container until the equilibrium was reached. The percentage of water uptake (WU) was calculated using the following equation
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where w~s~ is the weight of swollen hydrogel at different swelling time and w~d~ corresponds to the weight before hydration.

Cytotoxicity test
-----------------

MS1 mouse endothelial cells (ATCC CRL-2279) were cultivated in Dulbecco's Modified Eagle Medium (DMEM, Sigma-Aldrich D5671) supplemented with 10% fetal bovine serum (FBS, Sigma-Aldrich F4165) and antibiotics (1% penicillin/streptomycin, Sigma-Aldrich P4333). At about 80% confluence, cells were detached by trypsin/EDTA solution and used for experiments.

For the direct contact assay, samples were immersed in ethanol solution (70% v/v) for 30 min and then washed three times in sterile PBS. Cells were seeded in a defined number (3 × 10^4^ / sample) directly onto the surfaces of each samples and cultivated in DMEM + 10% FBS at 37 °C, 5% CO~2~. Cells viability was evaluated after 24 and 72 h with the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide colorimetric assay (MTT, Sigma-Aldrich M5655). Briefly, 100 μl of MTT solution (3 mg/ml in phosphate buffered saline (PBS, pH 7.4) were added to each sample and incubated 4 h in the dark; afterwards, formazan crystals were solved with 100 μl of dimethyl sulphoxyde (DMSO, Sigma-Aldrich 154938) and 50 μl were collected and centrifuged to remove eventually debris. Surnatant optical density (o.d.) was evaluated at 570 nm with a spectrophotometer (Spectra Count, Packard Bell). Not cross-linked samples o.d. was used as control and considered as 100% cells viability, while cross-linked samples viability was calculated as follow:
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Experiments were performed in triplicate.

For the indirect test, the tested material (controls or cross-linked samples, circular shape, 5 mm diameter) were incubated in direct contact with 1 ml of serum-free DMEM without cells for 1 wk at 37 °C, 5% CO~2~. Afterwards, eluates were collected, supplemented with 10% FBS and used to cultivate mouse endothelial cells. Cells were seeded in a defined number (3 × 10^4^ / well) into 24 wells plates (Cell Star, PBI International) and cultivated for 24 and 72 h at 37 °C, 5% CO~2~. Afterwards, cells viability was evaluated by the MTT test as described in the direct contact test. Experiments were performed in triplicate.

Direct contact cytocompatibility was also visually investigated by morphological observation of cells cultivated directly onto samples surfaces with SEM. Samples after 24 and 72 h of culture were washed gently with PBS and fixed with a solution of 4% formaldehyde and 3% sucrose in PBS. Afterwards samples were washed in Sodium Cacodylate solution at pH 7.4 (Sodium Cacodylate Trihydrate, Fluka 20840) and a standard dehydration procedure based on different ethanol concentrations (from 25 to 100% v/v) was made before SEM observations.
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